The anterior wall of the RV is seen immediately behind the chest wall. The RV outflow tract appears as a triangular echofree structure about 1/3 of the size of the more posterior LV. During systole, the anterior wall of the RV thickens and the RV cavity becomes smaller as the ventricle contracts.
Introduction
Right ventricular (RV) function plays an important role in determining cardiac symptoms and exercise capacity in chronic heart failure. The purpose of this review paper is to demonstrate the best assessment of the RV with current echocardiography.
Right ventricular anatomy
The complex anatomy of the RV is an important consideration in its assessment. 1) It is the most anteriorly situated cardiac chamber, located immediately behind the sternum.
1) It also marks the inferior border of the cardiac silhouette. In contrast to the near conical shape of the left ventricle (LV), the RV is more triangular in shape when viewed from the front and it curves over the LV. In cross section the normal cavity appears crescentic. Thus, the curvature of the ventricular septum places the RV outflow tract antero-cephalad to that of the LV resulting in a characteristic "cross-over" relationship between right and LV outflows. Two anatomical components which make the RV difficult to examine in detail, especially when using two-dimensional echocardiography, are the irregular shape of the cavity and the heavy trabeculation making the identification of RV borders difficult.
1)3)

Two dimensional echocardiography
The protocol of the views required for two dimensional echocardiography is demonstrated at Table 1 . The comparison of findings in healthy people compared to patients with pulmonary hypertension (PH) is demonstrated in Table 2. are two principal papillary muscles (anterior and posterior) with a smaller supracristal (or conus) papillary muscle. In this view the tricuspid annulus can be imaged and its diameter measured. The normal range is between 1.3 and 2.8 cm in systole. [1] [2] [3] Two of the three tricuspid valve leaflets are seen: the anterior and septal leaflets.
2) Assessment of tricuspid leaflet mobility and systolic apposition is important for the exclusion of any primary cause of tricuspid valve disease such as rheumatic fever (with involvement of mitral valve in most of the cases), carcinoid, sarcoidosis or endocarditis. In secondary tricuspid insufficiency due to RV dilatation, the leaflets are normal with reduced apposition secondary to tricuspid annular dilatation.
2)
Parasternal long axis view of the right ventricular outflow tract
The normal RV outflow tract dimension is 1.8-3.4 cm in diastole. [1] [2] [3] The determination of the dilatation of pulmonary artery is important for the diagnosis of PH. The normal diam- Table 2 . Comparison of findings between healthy and patients with pulmonary hypertension eter of main pulmonary artery is 0.9-2.9 cm (corrected to height) and normal annulus diameter is 1-2.2 cm.
1-3)
Short axis at the level of left ventricular papillary muscles
The RV in PH is often dilated and hypertrophied, such that it compresses the LV, giving it a characteristic D-shaped appearance in systole.
Normally, the LV appears circular in shape, both in systole and diastole. When the RV is pressure-loaded, the ventricular septum deforms and may even curve towards the LV cavity. This distortion may be quantified by the LV eccentricity index which is described later.
Apical four-chamber view
Normally, the RV appears triangular in shape and about the one-third the size of the LV. The apex of the RV is located closer to the base of the heart than that of the LV. However, in PH, the cavity is dilated and hypertrophied to an extent depending on the degree of pressure and volume loading (Fig. 1) . The normal wall thickness for the RV (measured at the lateral free wall) is 0.2-0.5 cm (0.2 ± 0.05 cm/m 2 indexed to body surface area). [1] [2] [3] When measuring the area of the RV and the right atrium, normal values are as following:
1-3) RV end-diastole 20.1 ± 4 cm 2 , RV end-systole [1] [2] [3] 10.9 ± 2.9 cm 2 and right atrium in end-systole 13.5 ± 2 cm 2 .
In pulmonary hypertensive patients, RV free wall is the first to become hypertrophied (in parallel with the apex), demonstrate systolic dysfunction and lower tissue myocardial velocities. Modalities such as tissue Doppler imaging, which measure these velocities tend to predict systolic and diastolic dysfunction of the RV free wall. [4] [5] [6] The apex is frequently hypertrophied and akinetic. Careful examination of the RV apex, using zoom and focus modalities, should be performed, to exclude a thrombus or an apical mass.
The hypertrophic moderator band often is seen traversing the RV near the apex. 1)7)8) Considerable individual variability in the shape and wall motion of the RV, particularly at the apex, is seen in healthy individuals, so caution is needed in diagnosing an abnormal RV from any single tomographic view.
Subcostal view
The subcostal view allows the assessment of RV dysfunction and thickness of RV walls, in patients with difficult parasternal or apical windows. By rotating the transducer inferiorly from the subcostal four-chamber view, a long-axis of the inferior vena cava is obtained as it enters the right atrium. The size of the proximal 2-3 cm of the inferior vena cava at rest and changes in size with respiration are used to estimate right atrial pressure. The hepatic veins (especially the central hepatic vein) are helpful in assessing right atrial pressure and for recording right atrial Doppler filling patterns.
3) The proximal abdominal aorta is imaged in long axis medial to the inferior vena cava.
Right Ventricular Pressure Versus Volume-Loading
RV volume overload, results from an atrial septal defect, partial abnormal pulmonary venous drainage, tricuspid or pulmonary insufficiency, causes an increase in RV end-systolic and end-diastolic volumes with normal RV ejection fraction. [1] [2] [3] In RV pressure overload the RV dilates with the ventricular septum "pushing" to the left during systole. 4)5)7)8) An inverse relationship between RV ejection fraction and afterload develops (pulmonary artery pressure or pulmonary vascular resistance). RV pressure overload distorts both LV systolic and diastolic geometry due to the interventricular dependence ( Fig. 2) . 4)5) Chronic RV pressure overload causes distortion of the geometrical shape and LV physiology resulting in signifi- 
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cant degree of LV diastolic dysfunction and eventually -at end stages of PH -of LV systolic dysfunction. 13) The effect on the LV is the reduction of LV ejection fraction, stroke volume, end-diastolic and end-systolic volume, as well as prolongation of the LV isovolumic relaxation time. The different effects of volume versus pressure-loading of the RV on the LV are best illustrated by the LV eccentricity index. The differences of pressure and volume loading are demonstrated at Table 3 .
Qualitative Assessment of the Right Ventricle Dilatation
Normally the RV is 1/3 of the size of the LV in the parasternal long axis view. One of the first changes in the RV in response to the increased preload and afterload is dilatation, which progresses with worsening PH.
7-9)
Hypertrophy
In the face of chronically elevated RV afterload, the RV walls become hypertrophied. One of the first anatomical elements to do so is the moderator band, which in normal subjects it is thin and sometimes difficult to see.
Contractility
In PH, RV impairment is global: this is in contrast to other conditions affecting the RV, such as RV infarction or arrhythmogenic RV cardiomyopathy, where there will be regional wall motion abnormalities.
7)8)
Measurements
Right atrial pressure From the subcostal view, measurement of the diameter of the inferior vena cava at end-expiration and during an inspira- 
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tory manoeuvre provides an estimate of right atrial (RA) pressure. A normal diameter of the inferior vena cava (1.2 to 2.3 cm) and the segment adjacent to the right atrium collapses by at least 50% with respiration, will simply normal right atrial pressure.
3) Failure for the inferior vena cava to collapse with respiration and/or dilation of the inferior vena cava and hepatic veins is associated with higher right atrial pressures.
Right ventricular systolic pressure (tricuspid regurgitant velocity)
Tricuspid regurgitant velocity is derived from the application of continuous wave Doppler along the tricuspid regurgitant jet, from apical four chamber projections or from the parasternal RV inflow view, if the regurgitant jet is eccentric.
2-5)10)
The peak velocity reflects the RV to right atrial pressure difference, ΔP, and in the absence of pulmonary stenosis, the RV systolic pressure (RVSP) is assumed to equal pulmonary artery systolic pressure (PASP), and is calculated through the Bernoulli Equation:
4)6)10)11)16) PASP = RVSP = 4 (VTR) 2 + RAP (VTR: tricuspid regurgitant velocity, RAP: right atrial pressure) Note that in cases of severe free-flow tricuspid regurgitation, the Bernoulli equation is not valid.
Pulmonary artery mean and diastolic pressure
As with the tricuspid regurgitant jet, the Bernoulli Equation can be applied to calculate pulmonary arterial end-diastolic pressure (PEDP): onds from the beginning of the pulmonary ejection until the maximum of the systolic velocity.
11)12)14)15) It is measured by pulsed-wave Doppler with the sample volume positioned at the centre of the pulmonary artery, ideally at the annulus, in the parasternal short-axis view. In normal people, the acceleration time exceeds 140 ms and it shortens in PH. A value below 105 ms is suggestive of PH. 12)13) This measurement is particularly important when the peak tricuspid regurgitant jet is not visible.
Measurement of right atrial volume index
The measurement of RA volume index is usually performed from the apical four-chamber view or from the subcostal view.
16)18) Atrial volume is measured at end-systole, where the maximum atrial volume can be obtained.
The single plane area-length method is used and RA volume is measured using the area and the long axis length of the atrium: 
Left ventricular eccentricity index
Eccentricity index is measured by the parasternal short-axis at the level of LV papillary muscles. It is measured as the ratio of the minor axis of the LV parallel to the septum, divided to minor-axis perpendicular to the septum (Fig. 3) . The index is measured in end-diastole and end-systole. In a purely pressure-loaded RV, there is flattening of the interventricular sep- 
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tum in end-systole, which results in increased end-systolic LV eccentricity index. In pure volume-loading, the eccentricity index will be increased in end-diastole. 
RV diastolic dysfunction
Diastolic dysfunction comprises:
• poor relaxation • decreased compliance (change in unit volume per unit pressure) Diastolic function of the RV can be assessed with many parameters, and those useful in PH include:
Isovolumic relaxation time when prolonged, it indicates poor myocardial relaxation. A normal isovolumic relaxation time is 75 ± 12 ms. With abnormal relaxation, the value is usually in excess of 110 ms. However, when restriction is present with high right atrial pressures, isovolumic relaxation time will fall below normal to durations less than 60 ms.
17)22)
Transtricuspid inflow (E wave deceleration) Deceleration of inflow of the E wave is measured by deceleration time, which shortens with decreasing RV compliance. Deceleration time is complex, as higher RA pressures also shorten it. A normal deceleration time is 198 ± 23 ms; values over 240 ms indicate impaired relaxation, and under 160 ms suggest restriction.
22)23)
Myocardial performance index of the right ventricle
Myocardial performance index, also known as Tei Index , 21)22) combines a combination of systolic and diastolic measurements (Fig. 3) . The normal range for RV myocardial performance index is 0.28-0.32. [20] [21] [22] It is relatively unaffected by heart rate, loading conditions or the presence and the severity of tricuspid regurgitation. In patients with idiopathic pulmonary arterial hypertension, the index correlates with symptoms and values above 0.88 predict poor survival.
S' wave velocity
The patient has to be in sinus rhythm and the velocities are indexed to the heart rate. The S' wave velocity is normally greater than 12 cm/sec, and we consider a cut-off value of 11.5 cm/sec, below which RV myocardial function may be impaired.
20)
Tricuspid annular plane systolic excursion
Tricuspid annular plane systolic excursion is the reflection of the movement the base to apex shortening of the RV in systole (longitudinal function). During ventricular systole, long axis shortening is created by motion of both atrioventricular valve annulae toward the cardiac apex. Because the septal attachment of the tricuspid annulus is relatively fixed, the majority of tricuspid annular motion occurs in its lateral aspect.
19)24-26)
The measurement of tricuspid annular plane systolic excursion is derived from the apical four chamber view. Special care has to be taken for the whole RV to be included in the view with no dropout in the endocardial outline along the interventricular septum and RV free wall. The width of sector should be limited onto the RV free wall, and the M-mode cursor should be positioned on the lateral portion of the tricuspid annulus, measuring in control sweep mode.
Maximal tricuspid annular plane systolic excursion is defined by the total excursion of the tricuspid annulus from its highest position after atrial ascent to the peak descent during ventricular systole. [24] [25] [26] [27] Earlier studies using two dimensional echocardiography showed that in the normal RV this value exceeds 16 mm. Using M-mode the normal range is higher (24.9 ± 3.5 mm ) and a value of 20.1 mm has been shown to be a useful cut-off in identifying PH.
Advanced Right Ventricular Imaging
Real time three dimensional echocardiography
Two dimensional echocardiography has been established as the most widely applied imaging tool in clinical cardiology practice. Its application helps in morphological and functional assessment of cardiac chambers and valves. The advancement in technology of echocardiographic machines and its software analysis minimized many difficulties and limitations. 28)29) However, two dimensional applications still carry some limitations. It requires mental conceptualization of a series of multiple orthogonal planer or tomographic images into an imaginary multidimensional reconstruction for better understanding of complex intracardiac structures and their spatial relation with surroundings. Many of two dimensional formula used for volume quantification and ejection fraction calculation especially for LV are based on geometric assumption that may not true providing varied results in the setting of chamber dilatation or distortion and in the presence of regional wall motion abnormalities.
29)30)
Three dimensional echocardiography has developed the last 15 years and provides more accurate assessment of ventricular volume, mass and function as well as a more complete view of the valves. The third generation echocardiographic machines with the developed matrix array transducer which consists approximately 3,000 firing elements, have improved the con-trast resolution and penetration. With this transducer, the entire heart image could be obtained by a pyramidal full-volume acquisition of four cardiac cycles. The development in software made the data off-line analysis faster and easier.
The new modality of real time three dimensional echocardiography (3DE) seems to offer the ability to improve and expand the diagnostic capabilities of cardiac ultrasound. [30] [31] [32] The development of 3DE systems circumvents many of the disadvantages of reconstructive methods from two dimensional images. It has been widely applied to the LV with great results and a significant degree of accuracy and reproducibility. Most studies [34] [35] [36] [37] [38] [39] [40] that have applied 3D echocardiographic techniques to the RV have involved primarily rotational or freehand scanning methods: most of these series demonstrated improved accuracy of RV function assessment. Furthermore, several studies [32] [33] [34] [35] [36] [37] [38] [39] [40] have compared 3DE with cardiac magnetic resonance imaging (CMR), demonstrating excellent agreement between the two modalities and good intra and interobserver reproducibility of both.
Study of right ventricular volumes with 3DE
Many 3D data sets require offline processing. The recent development of 3DE has the potential to further improve the ability to assess RV chamber size, volume and function.
In a typical protocol of 3DE, an assessment of ventricular function, valvular morphology and hemodynamic status are included.
Protocol
The patient is placed at a left decubitus position, as in two dimensional echocardiography and with the use of a different transducer (central X4 transducer, frequency of 3-4 MHz, volumetric frame rate 16-24 frame/s, imaging depth 6-16 cm, rotation speed 6 Hz and pulse length 2.5 cycles) than the one used for conventional echocardiography, the apical four chambers view is captured. The patient must hold his breath for seconds so that the view to be captured properly.
Using sequential long axis planes of the RV, volumetric data sets were regenerated within offline analysis system (4D analysis, TomTec, Munich, Germany) permitting endocardial contours delineation (Fig. 4) . End-diastole phase was defined as the peak of the R wave of the QRS complex and end-systole as the first frame before opening of the tricuspid valve. RV volumes were calculated by manual tracing along the endocardial contours in sequential long axis planes of the ventricle, from ventral to dorsal at 7 mm intervals. Note that when delineating the endocardium, interventricular septum should be included as 1/3 for the normal and 2/3 for the hypertrophied RV. Furthermore, trabeculations should be included in the blood pool. Simpson's rule was employed to calculate values for epicardial and endocardial borders. This allowed calculation of end-diastolic volume, end-systolic volume, stroke volume, ejection fraction and RV mass. 3DE allows quantitative measurements of RV mass without the need to rely on geometric assumptions. [32] [33] [34] Using the same full-volume 3D data set of RV volume calculation, it is possible to identify epicardial boundaries of the RV wall. The latter is used to calculate an epicardial cast of the RV at end-diastole. The volume of this cast is then subtracted from the epicardial cast and the volume of RV myocardium is obtained (Fig. 4) . By multiplying myocardial volume by the specific density of myocardial muscle (1.05 g/mL), RV mass derives.
Several parameters are estimated such as RV long and short axis in end-diastole, RA long and short axis in end-systole and RA volume, the thickness of lateral free wall through RV short axis (RV wall hypertrophy is defined when the thickness is bigger than 5 mm), tricuspid annular diameter in end-diastole and end-systole and the tethering area between the annulus and the leaflets. In addition, 3DE is useful for the assessment of the tricuspid valve in detail, such as in the case of a tricuspid valve cyst or prolapse.
Studies comparing 3DE and CMR
Many studies have compared 3DE with CMR on the assessment of the LV and RV. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] However; the groups recruited for the same comparison in RV volumetry were not homogenous. Recently, our group published the comparison of 3D echo and CMR in the homogenous population of 60 pulmonary arterial hypertensive patients. 43) It was proved that 3DE overcomes some of the disadvantages of CMR as it can be routinely used for serial imaging and at the bedside. RV remodeling in PAH patients can be accurately examined by both 3DE and CMR. [44] [45] [46] [47] [48] Both are robust and reproducible with CMR being more reproducible for measurements of ejection fraction and RV mass. 
Speckle tracking -strain
The speckle pattern is used to track myocardial motion and strain rate is based on the Lagrangian formula which was used to describe systolic deformation.
Speckle tracking has been validated by ultrasonomicrometry in the longitudinal direction and rotation. It has been widely applied to the LV and recently has been introduced for the assessment of the RV in PH. 50) Its advantage is that it is angleindependent and that it can track in two or even three dimensions. Drop-outs and reverberations affect tracking as well as too low or high frame rate. Speckle tracking is frame rate sensitive that is why an adjustment of the frame rate between 50-80 frames per second is the best possible.
49)50)
Protocol
Standard greyscale 2D images are acquired in the 2-and 4-chamber apical views as well as the parasternal short axis views at the level of the papillary muscles. Special care is taken to avoid oblique views from the mid-level short axis images and to obtain images with the most circular geometry possible. All images are recorded with a frame rate of at least 50 fps (50-80 fps) to allow for reliable operation of the software (EchoPAC-GE Healthcare). From an end-systolic single frame, a region of interest is traced on the endocardial cavity interface by a point-and-click approach. Then an automated tracking algorithm follows the endocardium from this single frame throughout the cardiac cycle. All myocardial regions are included. The acoustic markers which are called speckles equally distribute in the region of interest and can follow the entire cardiac cycle. The distance between the speckles is measured as a function of time, and parameters of myocardial deformation are calculated. The RV myocardium is divided into 6 segments and displayed into 6 segmental time-strain curves for radial, circumferential and longitudinal strain (Fig. 5) .
Effect of heart rate and body surface area
Most indices of function are unaffected by heart rate, yet some require correction when heart rate exceeds 100 or drops below 70. These are RV outflow tract acceleration time, myocardial performance index, S' wave velocity and isovolumic relaxation time. In order to index to heart rate, the measurement should be multiplied by 75/heart rate, eg:
RV outflow tract acceleration time (indexed to heart rate) = RV outflow tract acceleration time × 75/heart rate When indexing measurements for body surface area (BSA), they should be divided by the BSA ( Echocardiography uses the combination of two dimensional and pulsed-wave Doppler imaging to measure cardiac output.
3)49) Stroke volume can be derived from the product of the velocity time integral of the Doppler profile and the cross-sectional area of the LV outflow tract. Cardiac output is the product of stroke volume and heart rate.
Stroke volume = velocity time integral (LV outflow tract) × cross-sectional area (LV outflow tract)
Cardiac output = stroke volume × heart rate Similarly, RV stroke volume and cardiac output can be measured from the proximal RV outflow tract, just within the pulmonary valve from the parasternal short-axis view.
In order to calculate pulmonary vascular resistance, continuous-wave Doppler is used to determine the peak tricuspid regurgitant velocity as described above: the highest velocity is used. In patients with atrial fibrillation, the average of five measurements should be taken.
Pulmonary vascular resistance (Wood units) = 10. (peak tricuspid regurgitant velocity/velocity time integral RVoutflow tract) + 0. 16 This measurement has been shown to correlate well with pulmonary vascular resistance measured at cardiac catheterisation over a range of right and left atrial pressures. A value of peak tricuspid regurgitant velocity/velocity time integral RVoutflow tract less than 0.2 has 94% sensitivity for a pulmonary vascular resistance of less than 2 Wood Units at catheterisation. 51) As the definition of pulmonary arterial hypertension includes a pulmonary vascular resistance greater than 3 Wood Units, a value of peak tricuspid regurgitant velocity/velocity time integral RVoutflow tract less than 0.2 will exclude most cases of pulmonary arterial hypertension. While measures of stroke volume, cardiac output and pulmonary vascular resistance are readily measurable at echocardiography and correlate with right and left heart function and the underlying pulmonary vascular resistance, these measurements are not considered core to the protocol and are thus not mandatory measurements. The value of serial measurements in the follow-up of PH has not been validated.
Outcomes in pulmonary hypertension
The primary abnormality in PH is increased afterload on the RV due to elevated pulmonary vascular resistance caused by remodelling of the resistance pulmonary arteries. It is possible that the RV itself is predisposed to abnormal remodelling due to the same genetic abnormalities underlying vascular remodelling, but this is highly speculative. Nonetheless, it is clear from many studies that it is cardiac function which determines prognosis and exercise capacity. In particular, it is worth noting that pulmonary arterial pressure by itself does not correlate at all well with exercise capacity or prognosis. This is made abundantly obvious from the fact that pulmonary arterial pressure will fall with advancing RV failure. As RV failure progresses, cardiac output falls and right atrial pressure rises. Values from cardiac catheterisation associated with poor prognosis are: [52] [53] [54] • Cardiac index < 2.1 L/min/m 2 • Right atrial pressure > 10 mmHg • Mixed venous oxygen saturation < 63% (low values indicate increased oxygen extraction due to lower cardiac output)
In line with these measurements, echocardiographic followup studies have shown increased right atrial size to be associated with poor prognosis. Persistently high right atrial pressure may lead to the development of a pericardial effusion, which is a powerful predictor of mortality.
Other echocardiographic features that have been shown to correlate with survival [51] [52] [53] include markers of myocardial function such as myocardial performance index, RV fractional area change and tricuspid annular plane systolic excursion. A cutoff value of greater than 0.88 for myocardial performance index and less than 15 mm for tricuspid annular plane systolic excursion have been particularly associated with poor prognosis. Increases in LV eccentricity index at end-diastole have also been shown in several studies to be associated with worse outcomes, indicating the adverse impact of LV compression. Patients with values above 1.7 have a significantly higher risk of dying. While it may be important to use cut-off values from echocardiography to risk-stratify patients, there are many other powerful clinical indicators of severity, such as functional class, hemodynamics and exercise capacity. Nonetheless, there are problems with using these measures in following the clinical course of patients or response to therapy. Hemodynamics can only be obtained by invasive means; functional class is a crude assessment for only small to moderate change; and exercise capacity can be influenced by many other factors.
Summary
This review paper demonstrated the best assessment of the RV with current echocardiography and the evolution of new imaging techniques such as real time 3DE and speckle tracking. Echocardiography can assess sufficiently RV structure and function and also suggest prognosis in PH patients.
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